Putative TetR family transcriptional regulator Rv1019 of Mycobacterium tuberculosis is an 1 auto-repressor and a negative regulator of mfd-mazG operon 2 3 Abstract 16 Regulation of gene expression at the level of transcription is one of the ways living organisms 17 differentially make proteins in their cells. Intracellular pathogen Mycobacterium tuberculosis 18 persists in the host for years in a latent state in structures called granuloma. Rv1019, a member 19 of an uncharacterized TetR family of transcriptional regulators of Mtb H37Rv, was found to be 20 differentially expressed during dormancy and reactivation in vitro. By GFP reporter assays, 21 electrophoretic mobility shift assays and chromatin immuno-precipitation assays we showed 22 that this protein binds to its own promoter and acts as a negative regulator of its own expression.
glutaraldehyde and then analysed by SDS/PAGE. In the absence of any cross-linking reagent, 150 Rv1019 was seen as a monomer of 22 KDa, while in presence of 0.0001% and 0.0005% 151 glutaraldehyde, the protein readily formed a homodimer of about 44 KDa (Fig. 3C) . Bands 152 seen above the dimer band probably represent multimers formed in the presence of 153 glutaraldehyde. Western blot using antibodies against Rv1019 confirmed the identity of the 154 monomer, dimers and higher order forms (Fig. 3D) . These were further confirmed to be 155 different forms of Rv1019 by excising the bands and subjecting them to MALDI-TOF/MS/MS 156 analysis (Fig. S4) . 157 Binding of Rv1019 to the promoter is abrogated in the presence of tetracycline 158 Rv1019 belongs to TetR family of transcriptional regulators which often bind to DNA with an 159 N-terminal DNA binding region containing helix-turn-helix domain. Tetracycline is known to 160 bind to the C-terminal of these proteins which would cause a conformational change leading 161 to the abrogation of its DNA binding activity. We generated the structure of Rv1019 by 162 homology modelling using SWISS-Model server, and subjected it to docking analysis on 163 PatchDock server. Docking of Rv1019 with tetracycline as ligand showed that tetracycline can 164 interact with the protein (Fig. 4A) . Further, addition of tetracycline (100 ng/ml) to M. 165 smegmatis expressing Rv1019 under its own promoter showed significant increase in GFP 166 expression ( Fig. 4B and Fig. S5) . To examine the effect of tetracycline on DNA binding, we 167 performed an EMSA on 32 P-labeled 18 bp palindrome with 10 μM of Rv1019 and increasing 168 concentrations of tetracycline (1-5 μg). DNA-protein complex formation was found to decrease 169 with increasing the concentrations of tetracycline suggesting the classical de-repression of a 170 TetR family member (Fig. 4C ).
171
Rv1019, Rv1020 and Rv1021 are co-transcribed 172 Homologues of Rv1019 locus are conserved across mycobacterium species with homologues 173 of genes Rv1020 and Rv1021 downstream (Fig. 5A) . Rv1020 (mfd) codes for a transcription-coupled repair protein also known as transcription-repair coupling factor (TRCF), and Rv1021 175 (mazG) codes for a nucleotide triphosphate phosphohydrolase. To check whether these three 176 genes are transcribed together, we designed PCR primers that can amplify the junctions 177 between the genes (Fig. 5B) . By performing PCR using cDNA of the normally grown Mtb we 178 were able to amplify the Rv1019-Rv1020, Rv1020-Rv1021 and Rv1019-Rv1021 junctions ( Fig.   179 5C and D). These results indicate that Rv1019, Rv1020, Rv1021 are transcribed together into 180 a single mRNA.
181
Rv1019 negatively regulates Rv1020 and Rv1021 expression 182 Gene map shows that Rv1019 and its gene neighbourhoods are conserved in the surrogate host 183 M. smegmatis (Fig. 6A) . Virtual footprint analysis showed that the cognate binding site of 184 Rv1019 that we identified in Mtb is also conserved in M. smegmatis with two mismatches (Fig.   185 6B). Therefore, we analysed whether Rv1019 is able to bind to the M. smegmatis regulatory 186 sequence. EMSA with this template showed formation of DNA-protein complex as a function 187 of increasing concentrations of recombinant Rv1019 (2-10 µM) ( Fig. 6C ). Specificity of 188 binding was further confirmed by competitive and non-competitive EMSA (Fig. 6D) . 189 In order to check the hypothesis whether the auto-repressor activity of Rv1019 affects the 190 expression of downstream genes, we constitutively expressed Rv1019 in Mtb. Expression was 191 confirmed by SDS-PAGE and western blot ( Fig. 6E and F) . In vivo binding of Rv1019 on M. 192 smegmatis DNA sequence was confirmed by ChIP using Rv1019 antibodies (Fig. 6G) . 193 Expression of MSMEG_5424 (Rv1019), MSMEG_5423 (Rv1020) and MSMEG_5422 194 (Rv1021) was analysed by qRT-PCR in M. smegmatis expressing Rv1019. We found that the 195 Rv1019 constitutively expressing strain showed significant reduction of expression of Rv1020 196 and Rv1021 compared to the vector control ( Fig. 6H) as a control (Fig. 7A and 7B) . At the same time at 5mM H2O2 M. smegmatis expressing Rv1019 203 showed increased sensitivity to oxidative stress compared to the vector control strain include, DevR, KstR, etc. The focus of our study was to characterize Rv1019, a putative 215 transcriptional regulator of Mtb H37Rv, that was found to be differentially expressed in in vitro 216 dormancy-reactivation models (19, 20) .
217
Using M. smegmatis, the surrogate organism that is widely used to study the biology of Mtb, 218 we analysed the auto-regulatory mechanisms of Rv1019 in vivo. With the help of a series of 219 reporter constructs we showed that Rv1019 is an auto-repressor. By employing in vitro DNA-220 protein interaction assays and online bio-informatics tools we showed that it binds to the 221 promoter of its own gene, and the cognate binding site is -146 to -129 bp region upstream of 222 its ORF. Binding of Rv1019 to an incomplete inverted repeat in its promoter showed the typical 223 binding preference of a transcriptional regulator of TetR family (7) .
224
Formation of a homodimer or multimer is a key feature of this class of proteins which favours 225 DNA binding (8, 23) , and we demonstrated that Rv1019 can form dimers in vitro. In silico 226 studies showed tetracycline can bind to the dimer altering its DNA binding ability. DNA-227 protein interaction assay also showed the abrogation of binding in the presence of tetracycline 228 confirming that Rv1019 is a classical transcriptional regulator of TetR family which could be 229 influenced by the binding of a ligand.
230
Many of the TetR family transcriptional regulators are found to be regulating the expression of 231 the gene neighbourhood. For example, transcriptional regulator Rv1219c represses the 232 expression of Rv1217c and Rv1218c involved in multidrug efflux transport system (23, 24).
233
Information provided by the mycobacterium databases shows that two genes, Rv1020 and 234 Rv1021, are present in the same orientation downstream of Rv1019. Rv1020 codes for Mfd, 235 also known as transcription-repair coupling factor (TCRF), and Rv1021 codes for MazG, a 236 nucleoside triphosphate pyrophosphohydrolase, which are two key proteins involved in DNA 237 repair in Mtb (22, 25) . This prompted us to investigate the effect of Rv1019 on the expression 238 of these downstream genes. By RT PCR analysis of gene junctions in the mRNA we showed 239 that Rv1019, Rv1020 and Rv1021 are transcribed into a single mRNA molecule. Over-240 expression of Rv1019 significantly reduced the expression of orthologues of mfd and mazG in 241 M. smegmatis showing that Rv1019 is a negative regulator of these downstream genes.
242
Therefore, we propose that these three genes are in a single operon and Rv1019 is the first gene 243 of Rv1020-Rv1021 operon and acts as the key regulator. Our results correlate with the existing 244 transcriptomic and operon databases of mycobacterium where it is predicted to be co-245 transcribed with mfd and mazG (26-28).
Rv1019, Rv1020, Rv1021 gene locus is conserved in pathogenic mycobacteria such as M. (Table. S1 ). Increasing concentrations of 333 tetracycline (1-5μg) were added to the reaction mixture to test its effect on the DNA binding 334 property of Rv1019. Binding reactions were carried out for 30 min at 25 °C. Samples were 335 electrophoresed on 5% polyacrylamide gel at 100 V at 25 °C. Gel was dried and exposed to 336 Phosphor Imager (Bio-Rad) and scanned with Typhoon FLA 9500 (GE Life sciences, 337 Pittsburgh, PA, USA).
338
Reporter constructs and spectrofluorimetry 339 pFPV27, a promoter-less reporter plasmid was used to make the reporter constructs. To study 340 the activity of the promoter of Rv1019, a 300 bp DNA fragment upstream from its start site 341 was amplified from Mtb H37Rv genomic DNA, and cloned into pFPV27, at ApaI and EcoRI restriction sites upstream of GFP ORF to generate transcriptional fusions ( Table. S2 lacking recA was used as control. An OD 0.5 of each strain was serially diluted and spotted 387 onto Middlebrook 7H10 medium (Becton Dickinson, Franklin Lakes, NJ, and USA), exposed 388 to UV light (25 mJ/cm 2 ) for 10 sec, 20 sec and 30 sec. Exposed plates were incubated for 48 h 389 in the dark in a 37 o C incubator. Plates that were not exposed to UV light served as control.
Oxidative stress assay 391 M. smegmatis expressing Rv1019 and vector control were grown to log phase in Middlebrook 392 7H9 medium (Becton Dickinson, Franklin Lakes, NJ, and USA) on a 37 o C shaker incubator.
393
Optical density was adjusted to 0.5 and bacteria were treated with 5 mM H2O2. M. smegmatis 394 carrying empty plasmid served as the control. Both strains were incubated on a 37 o C shaker 395 incubator for 3 h post H2O2 treatment, and were serially diluted and plated as well as spotted Mtb genome were identified using Virtual Footprint (38) . MEME was used to identify putative 405 binding sites (39). MEME was set to find palindromic motifs with a minimum width of 6 bp 406 and a maximum of 50 bp. MEME was set to return a maximum of three motifs. 
